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Preface 
This research is conducted as a final step of the master study in environmental 
sciences. From the start, it was clear to me that I wanted to conduct a research 
in the area of microbiology. My interest in microbiology was triggered during my 
previous studies, and by my current job. I have come by a lot of situations in 
which tiny little bugs have shown to have a lot of potential. It is my personal 
believe that micro-organisms harbor great potential to be used in all kind of 
applications with great benefit for human and environment.  
I knew from the start that it wasn’t going to be easy to conduct a microbiological 
research because I would have to combine it with a full time job. This implied 
that the amount of actual laboratory time would be limited and needed to be 
very well planned. Nevertheless, it didn’t take long to find a microbiological 
project at the University of Hasselt on the topic of bioremediation. It immediately 
triggered my interest and I soon decided to conduct my research on the use of 
bacteria in the field of bioremediation; more specific on the topic of diesel oil 
remediation.  
Right from the start, I have been very fortunate to get a very enthusiastic and 
flexible supervisor at the University of Hasselt. With his help, both theoretically 
and practical, I was able to carry out this research. Panos, thank you very much 
for your assistance, guidance and help and for staying late in the lab! It is greatly 
appreciated. Hopefully, I come across your path again during the next steps of 
my scientific career.  
Furthermore, I want to thank Frank for guiding my through the process of the 
master thesis and for reviewing this thesis. 
I also want to give specials thanks to my girlfriend. This research has taken a lot 
of our personal time. Thank you for your understanding and for being there when 
I times were tough.  
Furthermore, I would also like to thank my parents for their support during my 
studies. 
Finally, I would also like to thank all other people who have helped me, directly 
or indirectly, with the performance of my studies.    
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Abstract 
Diesel oil contamination of soil and ground water is a frequently reported 
environmental problem. It has a negative impact on soil quality because of its 
chemical stability, resistance to degradation and toxicity to living biota. Diesel oil 
has low water solubility and becomes easily bound to soil particles thereby 
limiting its availability for microorganisms to start degrading it. The 
bioavailability of diesel oil can be increased by the addition of chemical 
surfactants which will increase diesel oil mobility and solubility. However, 
chemical surfactants have multiple disadvantages such as high toxicity. 
Therefore, biosurfactants are gaining much attention as being a biological 
alternative to chemical surfactants. Biosurfactants are surfactants produced by 
living organisms such as bacteria and they are ecological alternatives to chemical 
surfactants, exhibiting a lower toxicity and higher activity and stability. The effect 
of a biosurfactant cannot be predicted within the confines of our current body of 
knowledge of the subject. It has to be evaluated experimentally. Therefore, a 
laboratory feasibility study is performed to explore the potential of bacterial 
originated surfactants to enhance the rate of aerobic degradation of diesel 
contaminated soil. Hereby, bacterial strains isolated from diesel contaminated 
soil are screened for their ability to produce biosurfactants in the presence of 
diesel oil. 25 strains out of the bacterial pool are found to be diesel oil degraders. 
Identification based upon their 16S ribosomal DNA shows Pseudomonas, 
Staphylococcus and Acinetobacter as the dominant genera. All of the strains can 
form a biofilm in the presence of diesel oil. For some strains, this is combined 
with chemotactic movement towards diesel oil. Screening for biosurfactant 
production revealed positive results among several Acinetobacter and 
Pseudomonas species as dominant positive species. Minor to good heavy metal 
tolerance (Pb2+, Cu2+, Zn2+ and Ni2+) is observed for all strains. No 
bioremediation impact was demonstrated in a subsequent greenhouse 
experiment. Possible inhibitory effects such as pH, redox and inoculum 
concentration need to be taken into account to explain the observations in the 
greenhouse experiment. This research clearly shows the potential of using 
biosurfactant producing bacteria to be used for remediation of diesel oil 
contaminated soils. Further research is necessary to be able to fully take benefit 
of biosurfactant producing bacteria for bioremediation.  
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Samenvatting 
Een vaak vermeld milieuprobleem is bodem- en grondwaterverontreiniging met 
diesel. Diesel heeft een negatieve invloed op de grondkwaliteit omwille van de 
chemische stabiliteit, weerstand tegen afspraak en toxiciteit. Diesel heeft een 
lage wateroplosbaarheid, en bindt eenvoudig met bodemdeeltjes waardoor het 
slechts beperkt beschikbaar is voor micro-organismen om het af te breken. De 
biobeschikbaarheid van diesel kan worden vergroot door het toevoegen van 
chemische surfactants. Hierdoor neemt de mobiliteit en oplosbaarheid van diesel 
toe. Chemische surfactants hebben echter meerdere nadelen zoals hoge 
toxiciteit. Daarom worden biosurfactants steeds meer onder de aandacht 
gebracht als zijnde een biologisch alternatief. Biosurfactants zijn surfactants die 
geproduceerd worden door levende organismen zoals bacteriën. Biosurfactants 
zijn ecologische alternatieven voor chemische surfactants met als voordeel een 
lagere toxiciteit gecombineerd met een hogere activiteit en stabiliteit. Het effect 
van een biosurfactant kan momenteel nog niet worden voorspeld en moet 
experimenteel worden vastgesteld. Daarom wordt een haalbaarheidsstudie 
uitgevoerd om na te gaan wat de mogelijkheden zijn om biosurfactants te 
gebruiken om de snelheid van dieselafbraak in de bodem te laten toenemen. 
Hiervoor worden bacteriestammen die geïsoleerd zijn uit een diesel 
verontreinigde grond gescreend op hun vermogen om biosurfactants te 
produceren in aanwezigheid van diesel. 25 stammen worden aangetoond als 
zijnde dieselafbrekers. Deze worden geïdentificeerd op basis van hun 16S 
ribosomaal DNA, en Pseudomonas, Staphylococcus en Acinetobacter zijn de 
dominante genera. Alle stammen kunnen ook een biofilm vormen in de 
aanwezigheid van diesel. Een aantal stammen combineert dit met chemotaxis 
naar diesel. Screening naar biosurfactant productie toont verschillende positieve 
resultaten met Pseudomonas en Acinetobacter als dominante species. Matige tot 
goede tolerantie voor zware metalen (Pb2+, Cu2+, Zn2+ en Ni2+) wordt gevonden 
voor alle stammen. Het effect op bioremediatie tijdens het serre experiment 
toont geen gunstig effect. Een mogelijke verklaring hiervoor zijn afwijkingen in 
pH, redox en concentratie van toegediende bacteriën. Dit onderzoek toont 
duidelijk aan dat biosurfactantproducerende bacteriën kunnen worden gebruikt 
voor de sanering van bodems gecontamineerd met diesel. Er is echter nog verder 
onderzoek nodig om het potentieel ten volle te kunnen benutten.   
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1 Introduction 
Contamination of soil and groundwater with organic hydrocarbons is a major and 
worldwide environmental problem because of the negative effects on human 
health and environmental quality. Organic hydrocarbons such as petroleum 
hydrocarbons, organic solvents and polyaromatic hydrocarbons have a distinct 
disadvantage since they are a persistent source of contamination (Paria, 2008). 
Bordoloi and Konwar (2009) describe petroleum refining and transport activities 
as major contributors to local environmental contamination. Industrial activity is 
also identified as a source of environmental contamination of organic 
hydrocarbons. Release can be accidental or deliberate (Banat et al., 2010).  
Paria (2008) classifies organic contaminants according to their physical state as 
solid or liquid. Liquid organic contaminants show low solubility in water and will 
remain as a separate phase and are called non-aqueous phase liquids (NAPLs). 
Differentiation is made between those that are lighter than water (LNAPLs) and 
those heavier than water (DNAPLs). This implies that DNAPLs will sink to the 
bottom of a water layer, whereas, LNAPLs will spread on the water surface.  
An example of an LNAPL is diesel oil. Diesel oil is a complex mixture of normal 
branched and cyclic alkenes and aromatic compounds obtained from the middle-
distillate gas-oil fraction during petroleum separation (Engbersen & De Groot, 
1995). Diesel oil is a frequently reported petroleum hydrocarbon pollutant which 
enters the environment via leaking from storage tanks and pipelines or when 
released in accidental spills (Bento, de Oliveira Camargo, Okeke, & 
Frankenberger Jr., 2005). It is a common groundwater pollutant as a result of 
leakage of underground storage tanks (Paria, 2008). Diesel oil has a negative 
influence on soil and water properties because of its intrinsic chemical stability, 
resistance to different types of degradation and high toxicity to living biota 
(Serrano, Tejada, Gallego, & Gonzalez, 2008). Furthermore, the presence of 
heavy compounds in diesel oil such as polycyclic aromatic hydrocarbons are 
considered a potential health risk due to their possible carcinogenic and 
mutagenic actions (Bidoia, Montagnolli, & Lopes, 2010). 
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2 Problem definition 
Different technologies such as chemical treatment, bioremediation, incineration 
and flushing are available for the remediation of sites contaminated with diesel 
oil as identified by Paria (2008). Bento et al. (2005) identify bioremediation as 
the best approach among a plethora of clean-up technologies for the remediation 
of contaminated soils and groundwater by diesel oil. This is also acknowledged 
by Franzetti et al. (2008) by stating that bioremediation is an economical tool for 
management of sites contaminated with organic pollutants.  Also Whang, Liu, 
Ma, and Cheng (2008) identify bioremediation as an effective, economic and 
environmentally friendly technology for sites contaminated with petroleum 
hydrocarbons. According to Calvo, Manzanera, Silva-Castro, Uad, and González-
López (2009) bioremediation involves the acceleration of natural biodegradation 
processes. Therefore, it usually consists of the application of nitrogenous and 
phosphorous fertilizers, adjusting pH and water content, and addition of bacteria. 
An important limiting factor of bioremediation is the availability of diesel oil to 
microorganisms (Martins, Kalil, & Costa, 2009). Hydrocarbons, such as diesel oil, 
are hydrophobic compounds with low water solubility and, therefore, low 
availability to microorganisms (Calvo et al., 2009). Furthermore, the 
bioavailability of diesel oil is also limited by their adsorption to soil particles 
(Banat et al., 2010; Bordoloi & Konwar, 2009). Compounds with low solubility 
and high hydrophobicity, like diesel oil, have the tendency to strongly adhere to 
the soil matrix. These compounds will be slowly released to the water phase 
which can potentially be a rate-limiting factor in the bioremediation process 
(Franzetti et al., 2008). Volkering, Breure, and Rulkens (1998) define 4 key 
factors that play a role in the bioavailability. These are the type and 
physicochemical state of the pollutant, the type and physicochemical state of the 
soil, the type and state of the micro-organisms, and external factors (such as 
temperature and oxygen levels). Figure 1 gives an overview of the different 
physical forms possible for organic contaminants. These organic contaminants 
can be dissolved in pore water, adsorbed on soil particles, absorbed in soil 
particles, or they can be present as a separate phase which can be a liquid or 
solid phase.  
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Figure 1: Different physical forms of organic pollutants in soil (Volkering et al., 1998). 
 
Finally, it is important to define the concept of bioavailability for this research 
since it can have multiple meanings. This research will use the definition of 
bioavailability as set out by Volkering et al. (1998): ‘A pollutant has a limited 
bioavailability when its uptake rate by organisms is limited by a physicochemical 
barrier between the pollutant and the organisms’.  
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3 Objectives and research questions 
3.1 Objectives 
This research has two overriding objectives which are the following: 
- A well-documented literature overview on the potential use of bacteria 
producing biosurfactants to remediate  soils contaminated with diesel oil.   
- To explore the potential of bacterial originated surfactants to enhance the rate 
of aerobic degradation of diesel oil contaminated soil. Laboratory feasibility 
studies in combination with a small scale greenhouse experiment are performed. 
During this phase, bacterial strains isolated from poplar trees growing on  a 
diesel contaminated plume, are screened for their ability to produce 
biosurfactants in the presence of diesel oil. The bacterial strains were screened 
for the following criteria: biofilm formation, chemotaxis, lipase activity and heavy 
metal tolerance. A maximum of three strains able to produce biosurfactants is 
selected for a study in which diesel-exposed poplar cuttings are inoculated and 
planted in order to evaluate their impact on bioremediation. 
 
3.2 Research questions 
Do bacteria with both high biodegradation potential and biosurfactants producing 
traits have the potential to improve the remediation efficiency of petroleum 
hydrocarbon polluted ecosystems? 
 
The main research question is divided into different sub questions: 
1) Which bacteria species isolated from the diesel contaminated soil can 
actually grow in the presence of diesel as sole carbon source. 
2) Which of the selected bacteria are potential biosurfactant producers?  
3) Which of the biosurfactant producing bacteria are effective in 
bioremediation of diesel-exposed poplar cuttings?  
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4 Theoretical background 
4.1 Surfactants 
4.1.1 Use of surfactants in bioremediation 
Diesel oil needs to be made available to native microorganisms in order to 
stimulate the biodegradation rate. Therefore, the transfer from diesel oil to the 
aqueous bulk phase is the key process to increase the bioavailability (Volkering 
et al., 1998). Among other methods, the use of surfactants has been described 
as a promising method to overcome the problem of limited bioavailability 
(Franzetti et al., 2008). Surfactants have many applications among which is the 
increase of solubility of petroleum components such as diesel oil. The utilisation 
of surfactants may enhance diesel oil mobility and can increase the bioavailability 
thereby promoting the biodegradation rates (Bordoloi & Konwar, 2009). Mulligan 
(2005) states that the petroleum industry has traditionally been the major user 
since surfactants can increase the solubility of petroleum components. 
4.1.2 Properties of surfactants 
Surfactants are chemical compounds that display surface activity (Abdel-
Mawgoud, Lépine, & Déziel, 2010). According to Mulligan (2005), surfactants 
contain a hydrophobic and a hydrophilic moiety. The hydrophilic moiety is often 
defined as the ‘head’, while the hydrophobic moiety is referred to as ‘tail’ 
(Franzetti, Gandolfi, Bestetti, & Banat, 2010). The hydrophobic moiety will show 
little affinity to the bulk medium whereas the hydrophilic moiety will. The 
hydrophilic moiety will make the surfactant soluble in water as it is an ionic or 
highly polar group (Paria, 2008). The hydrophobic moiety tends to concentrate at 
interfaces (Volkering et al., 1998). A surfactant can be classified based on the 
nature of the hydrophilic moiety as anionic, cationic, non-ionic or zwitterionic 
(Paria, 2008). Surfactants can also be classified based upon their Hydrophile-
Lipophile balance (HLB) (Pacwa-Plociniczak, Plaza, Piotrowska-Seget, & 
Cameotra, 2011). According to Franzetti et al. (2010), the HLB value indicates 
whether a surfactant will form a water-in-oil or oil-in-water emulsion. A low HLB 
value indicates that the surfactant is lipophilic, whereas, a high HLB points at 
hydrophilic surfactants.  Mulligan (2005) further states that the effectiveness of a 
surfactant is determined by its ability to lower the surface tension. Surface 
tension is a measure of the surface energy per unit area required to bring a 
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molecule from the bulk phase to the surface. The presence of a surfactant 
implies that less work is needed to bring a molecule to the surface. A good 
surfactant can lower the surface tension of water from 72 to 30 + 5 mN/m 
(Volkering et al., 1998). The surface tension also correlates with the 
concentration of the surface-active compound until the critical micelle 
concentration (CMC) is reached. Paria (2008) defines the CMC as the 
concentration where monomer surfactant molecules are organized as aggregates 
of the so called ‘micelles’. The hydrophobic tails are located in the inner part of 
the micelles, whereas, the hydrophilic heads are directed towards the water 
phase (Franzetti et al., 2010). Micelles will lead to an increase in the apparent 
solubility of hydrophobic organic compounds which is referred to as 
‘solubilisation’ (Volkering et al., 1998). Paria (2008) further states that the 
physical properties of a surfactant such as surface tension, interfacial tension and 
detergency, change below the CMC but remain the same above the CMC (figure 
2). The CMC can be used to measure the efficiency of a surfactant (Pacwa-
Plociniczak et al., 2011). The lower the CMC, the better the surfactant performs 
(Mulligan, 2005). The CMC of a surfactant measured in soils is normally higher 
than the CMC of the same surfactant in water. This is referred to as effective 
CMC. The down side of this property is that more surfactant needs to be used for 
soils. This can ultimately limit the number of possible surfactants for remediation 
(Franzetti et al., 2010). 
 
Figure 2: Critical Micelle Concentration (Mulligan, Yong, & Gibbs, 2001). 
Volkering et al. (1998) in turn define three main mechanism through which a 
surfactant increases the bioavailability of hydrophobic organic compounds. First, 
surfactants can decrease the interfacial tension between the aqueous and non-
aqueous phase, resulting in the formation of micro-emulsions. Secondly, the 
enhancement of the apparent solubility of the hydrophobic compound by the 
14 
 
presence of micelles (dissolve in the core of the micelle). And finally, a surfactant 
will facilitate the transport of the pollutant.  
4.1.3 Disadvantages of chemical surfactants in bioremediation 
Darvishi, Shahab, Mowla, and Niazi (2011) suggest that traditional treatment of 
oil-contaminated sites cannot remediate oil contamination thoroughly. They state 
that biological methods have the advantage over physicochemical treatment 
methods in removing contaminants as they cover in situ biodegradation of the 
petroleum hydrocarbon by the microorganism. Furthermore they indicate that 
most chemical surfactants are also of environmental concern. Volkering et al. 
(1998) make a keen observation on this issue; they state that the introduction of 
a surfactant in the environment gives rise to a contamination of the environment 
with the surfactant itself. Therefore, the toxicity of the surfactant and its 
potential degradation products are of major concern. Chemical surfactants may 
cause a decrease in microbial activity and suffer poor functionality under extreme 
conditions (Darvishi et al., 2011). According to Volkering et al. (1998) the 
toxicity of surfactants to bacteria can be explained by two main factors. First, 
there is a disruption of cellular membranes when they interact with lipid 
components; secondly, there is the reaction of surfactants with proteins essential 
to the functioning of the cells.  
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4.2 Biosurfactants 
4.2.1 Biological alternative for chemical surfactants 
The multiple disadvantages of synthetic surfactants are in strong contrast with 
biosurfactants. Biosurfactants are naturally occurring in soil and their use in 
bioremediation may be more acceptable (Volkering et al., 1998). Therefore, they 
are currently attracting much attention as ecological alternatives to classical 
chemical surfactants (Paria, 2008). Since biosurfactants are of biological origin, 
they exhibit a better biocompatibility and good microbial biodegradability (Calvo 
et al., 2009). Furthermore, biosurfactants exhibit lower toxicity, potential high 
activities and stability at extreme conditions of temperature, pH and salinity 
(Abdel-Mawgoud et al., 2010). Martins et al. (2009) and Whang et al. (2008) 
describe more potential advantages of biosurfactants among which are their 
unusual structural diversity that may lead to unique properties.  
4.2.2 Definition biosurfactant 
Martins et al. (2009) define the term ‘biosurfactant’ as an isolated or non-
isolated compound obtained from a microorganism that has the capacity to 
influence interfaces and to significantly reduce the amount of work required to 
overcome surface tension. This is somewhat an abstract definition, but in the end 
biosurfactants are just surfactants of biological origin. Microorganisms like 
bacteria, yeast, and fungi are known to produce biosurfactants (Abdel-Mawgoud 
et al., 2010). The production of biosurfactants is the answer of microorganisms 
to the limited bioavailability of hydrophobic organic compounds. Since 
biosurfactants are surfactants, they are also amphiphilic compounds containing a 
hydrophobic and hydrophilic moiety (Darvishi et al., 2011). According to Abdel-
Mawgoud et al. (2010), the hydrophilic moiety is composed of sugars, amino 
acids or other polar groups. The hydrophobic moiety is typically an aliphatic 
hydrocarbon can of β-hydroxy fatty acids.  
4.2.3 Classification of biosurfactants  
Biosurfactants can be categorized according to their chemical composition, 
molecular weight, physico-chemical properties, mode of action and microbial 
origin (Pacwa-Plociniczak et al., 2011). Based on their molecular weight, two 
groups can be discerned.  The term biosurfactant should be correctly used to 
identify low-molecular-weight microbial surfactants, whereas, bioemulsifiers is 
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the correct term for the second group of microbial surfactants being high-
molecular-weight microbial surfactants (Franzetti et al., 2010).  
The first group consists of low-molecular-weight compounds such as 
lipopeptides, glycolipids and proteins and the second group consists of high 
molecular-weight compounds composed of polysaccharides, proteins, 
lipopolysaccharides and lipoproteins (Banat et al., 2010; Darvishi et al., 2011). 
Well known and intensively studied low-molecular-weight biosurfactants are 
glycolipids with rhamonolipids, trehalolipids and sophorolipids as key example. 
Currently, glycolipids are the only microbial surfactants fully commercialized as a 
mixture for bioremediation purposes (Franzetti et al., 2010). Low-molecular-
weight biosurfactants include molecules which can efficiently reduce surface and 
interfacial tension, whereas the high-molecular-weight bioemulsifiers do not 
lower the surface tension but are more effective in stabilizing oil-in-water 
emulsions (Darvishi et al., 2011). The best studied bioemulsifiers are those 
produced by various species of Acinetobacter (Franzetti et al., 2010). 
Banat et al. (2010) elaborate on the role of high and low-molecular-weight 
microbial surfactants in bioremediation. High-molecular-weight bioemulsifiers 
have the potential to stabilize emulsions between liquid hydrocarbons and water. 
Thereby, they increase the surface area available for bacterial biodegradation. A 
downside to these high-molecular-weight bioemulsifiers is that they have rarely 
been tested as enhancers of hydrocarbon degradation and contrasting results 
have been reported in literature. Low-molecular-weight biosurfactants can 
reduce surface tension thereby increasing the surface area of insoluble organic 
compounds. Low-molecular-weight biosurfactants can encapsulate hydrophobic 
compounds in the surfactant micelle core (only above the CMC). In most cases 
this will result in a general increase of the bioavailability of hydrophobic 
compounds for degrading microorganisms. It is, however, also known that the 
presence of surfactant can negatively affect the biodegradation. Micelle cores can 
encapsulate a hydrophobic compound in such a way that it creates a barrier 
between the compound and the microorganisms. This results in a reduced 
bioavailability. Finally Banat et al. (2010) state that the application of 
biosurfactants to remove contaminants from soil is subject to less uncertainty 
than biosurfactant-enhanced bioremediation. The removal of contaminants is 
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mainly driven by the chemical and physical properties of the biosurfactant and 
not their effect on metabolic activity.  
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4.3 Biosurfactant enhanced bioremediation 
4.3.1 Microbial interaction with pollutants 
Volkering et al. (1998) give an excellent overview of microbial interactions with 
pollutants. They state three mechanisms for the uptake of liquid hydrocarbons 
such as diesel oil: uptake of the hydrocarbon dissolved in water; direct uptake of 
the hydrocarbon from the liquid-liquid interface and uptake of ‘pseudo-
solubilised’ hydrocarbons.  
Furthermore, Volkering et al. (1998) give a schematic overview of the 
interactions between microorganisms, spoil, pollutant and surfactants (see figure 
3).  
 
Figure 3: Different microbial interactions with pollutant (figure adapted from Volkering 
et al 1998) 
I: sorption of pollutant, II: sorption of surfactant molecules, III: solubilisation of 
pollutant, IV: the uptake of pollutant molecules from the water phase by 
microorganisms, V: partitioning of the pollutant between the water phase and micelles , 
VI: sorption of micelles to microorganisms, VII: direct microbial uptake of pollutant from 
soil, VIII: sorption of microorganisms to soil 
 
4.3.2 Role of microbial surfactants in bioremediation 
The two main mechanisms through which microbial surfactants can enhance 
bioremediation are the increase of the substrate availability for microorganisms, 
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and interaction with the cell surface to increase the hydrophobicity (Pacwa-
Plociniczak et al., 2011). 
The main role of microbial surfactants is in hydrocarbon uptake and access. 
Microbial surfactants have the potential to promote the growth of bacteria on 
hydrocarbons. They do this by increasing the surface area between oil and water 
by emulsification, and by increasing pseudosolubility of hydrocarbons by partition 
in micelles (Franzetti et al., 2010). Pacwa-Plociniczak et al. (2011) also state that 
addition of microbial surfactants can enhance hydrocarbon degradation by 
mobilization, solubilisation or emulsification. 
Pacwa-Plociniczak et al. (2011) further describe emulsification as the process 
that forms liquid containing very small droplets of fat or oil suspended in a fluid.  
Organic contaminants have the tendency to be strongly adsorbed to soil 
particles. This can lead to extended remediation time. Franzetti et al. (2010) 
states that this extended remediation time can be overcome through the 
application of biosurfactants. This relates to the process of mobilization. The 
process of mobilization occurs at concentration below the CMC. At these 
concentrations, biosurfactants reduce the surface and interfacial tension, 
thereby, increasing the contact of biosurfactants with soil/oil systems. 
Solubilisation occurs at concentration above the CMC. At these concentrations, 
the hydrophobic tails of microbial surfactants connect together inside the micelle, 
while the hydrophilic heads are directed towards the aqueous phase  (Pacwa-
Plociniczak et al., 2011). 
Microbial surfactants have also been described as being able to increase the 
hydrophobicity of degrading microorganisms, thereby facilitating cells to access 
hydrophobic substrates more easily (Franzetti et al., 2010). High cell-
hydrophobicity will allow microorganisms to directly contact oil drops and solid 
hydrocarbons (Pacwa-Plociniczak et al., 2011). 
Another aspect of microbial surfactant enhanced bioremediation is in heavy 
metals contaminated sites. Heavy metals like Pb2+ and Cd2+ are extremely toxic 
implying that even very low amounts can have serious consequences. A strong 
disadvantage of heavy metals is that they are not biodegradable. They can only 
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be transferred from one chemical state to another. Such a transfer will 
subsequently change their mobility and toxicity (Pacwa-Plociniczak et al., 2011). 
The review of Pacwa-Plociniczak et al. (2011) also discusses the mechanism of 
using biosurfactants in heavy metal remediation. The main advantage of 
biosurfactant is in their ability to form complexes with heavy metals. Anionic 
biosurfactants will create a complex by forming an ionic bond. The bond between 
anionic biosurfactants and heavy metals is stronger than the bond between soil 
and heavy metal. Due to similar charge, cationic surfactants will compete with  
heavy metals ions. Both want to bind with negatively loaded surfaces. The 
formation of micelles is another method to remove heavy metals. Heavy metals 
can form a bond with the polar heads of the surfactants, thereby mobilizing the 
heavy metals in water.  
After chelating, the heavy metal complexes can be removed in a washing process 
as indicated by Banat et al. (2010).  
Mulligan (2005, 2009); Pacwa-Plociniczak et al. (2011) give an overview of the 
potential use of biosurfactant for remediation of heavy metal contaminated soils 
and found positive results indicating large potential.  
 
4.3.3 Use of microbial surfactants in bioremediation 
The potential use of microbial surfactants and microbial surfactant producing 
microorganisms in bioremediation has been reported by numerous authors as 
indicated in the review of Pacwa-Plociniczak et al. (2011).  
Bordoloi and Konwar (2009) studied different strains of Pseudomonas aeruginosa 
and found them capable of degrading different types of polycyclic aromatic 
hydrocarbons such as pryene, fluorene and phenanthrene. Martins et al. (2009) 
evaluate the in situ bioremediation of a diesel oil spill, comparing the efficiency of 
biosurfactants to chemical remediation. The results show that biosurfactants are 
efficient in the biodegradation of aliphatic and aromatic hydrocarbons up to 3 
rings. Lin et al. (2010) compare different land farming methods widely used for 
petroleum hydrocarbon-contaminated soil bioremediation. They find that the 
bioavailability of hydrocarbon was the limited factor in the beginning of the 
degradation process. Therefore, they find the best results for bioaugmentation 
and biosurfactant addition. Bioaugmentation involves the introduction of 
microbial strains to a contaminated site. Darvishi et al. (2011) studied the 
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biosurfactant production potential of a microbial consortium of Enterobacter 
cloacae and Pseudomonas sp. isolated from a heavy crude oil contaminated site. 
They found that the consortium produces biosurfactants with heavy crude oil as a 
soil carbon source. Whang et al. (2008) investigated the potential application of 
two biosurfactants for enhanced biodegradation of diesel-contaminated water 
and soil with bench-scale experiments. They focused on surfactin produced by 
Bacillus subtilis and rhamnolipid produced by Pseudomonas aeruginosa. They 
found that both biosurfactants are able to increase diesel solubility, and correlate 
positively on efficiency and rate of diesel biodegradation.   
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4.4 Outlook for laboratory research 
This literature review shows that the application of microbial surfactants is a very 
promising technology for the remediation of soils contaminated with organic 
pollutants.  
Banat et al. (2010) state that it is currently not possible to predict the effect of 
microbial surfactant addition in bioremediation treatment due to 
incomprehensive research in this field. Therefore, the efficiency of a biosurfactant 
has to be evaluated experimentally. Mulligan (2005, 2009) states that further 
research is necessary to predict the behaviour of a biosurfactant. Also Pacwa-
Plociniczak et al. (2011) acknowledge the need for further research. They state 
that most research is done under laboratory conditions. Furthermore, 
remediation systems with only one type of contaminant have been studied to 
gain a basic understanding.  
Therefore, the laboratory research has as objective to explore the potential of 
bacterial originated surfactants to enhance the rate of aerobic degradation of 
diesel oil contaminated soil. Laboratory feasibility studies in combination with a 
small scale greenhouse experiment are performed. During this phase, bacterial 
strains isolated from poplar trees growing on  a diesel contaminated plume are 
screened for their ability to produce microbial surfactants in the presence of 
diesel oil. This is done using the following methods: emulsification assay and oil 
displacement test. This is combined with screening for the following criteria: 
biofilm formation, chemotaxis, lipase activity and heavy metal tolerance. Two 
strains able to produce biosurfactants are selected for a study where diesel-
exposed poplar cuttings are inoculated and planted in order to evaluate their 
impact on bioremediation. 
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5 Materials and methods 
5.1 Overview  
Experimental research was conducted at the microbiological laboratory of the 
University of Hasselt. The laboratory tests were conducted on a bacterial pool of 
378 strains which were isolated from a diesel contaminated soil (location 
undisclosed). The primary research consists of screening of all the bacterial 
strains in the pool for their ability to grow in the presence of diesel. The bacterial 
strains that were capable of degrading diesel, and were able to grow in the 
presence of diesel, were identified by their 16S ribosomal DNA (16S rDNA) 
sequences. Therefore, DNA was extracted and amplified by a polymerase chain 
reaction (PCR). The PCR product was subsequently send for sequencing.  
Based on the results of the sequencing, several non-related bacterial strains 
were chosen to be screened in detail on biosurfactants. The focus was on two 
parameters: biofilm formation and chemotaxis. The importance of these 
parameters is multiple. Chemotaxis will show the affinity of a strain for 
hydrocarbons (in this case diesel oil). Chemotaxis will, furthermore, show that a 
bacterium is motile and can move towards a diesel plume to start degrading it. 
Both chemotaxis towards diesel oil and hexadecane was tested. Motility towards 
hexadecane gives bacteria an additional advantages in diesel oil remediation 
since diesel oil spills are frequently accompanied with byproducts of aliphatic 
hydrocarbons such as hexadecane (Máthé et al., 2012). This is, of course, a first 
important parameter to evaluate the potential of a strain in bioremediation. A 
bacterium needs to show a high affinity to diesel in order to show good 
degradation rates. Biofilm formation is a second important parameter. A biofilm 
consists of encased microcolonies of bacterial cells attached to a surface (or 
substrate). Biofilms can trap nutrients for growth except in the case of diesel, but 
the most important function is protection from the toxicity of diesel (Madigan, 
Martinko, & Parker, 1997).  Finally, these screening methods were 
complemented with screening methods for biosurfactant production. Multiple 
screening methods are advisable since several methods are needed to efficiently 
detect a potential biosurfactant producer (Satpute, Bhawsar, Dhakephalkar, & 
Chopade, 2008). Emulsification index and oil displacement test were used to 
screen for biosurfactants. Emulsification index was determined to show the 
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potential of a biosurfactant to increase the surface area of water-insoluble 
substrates, as indicated by Walter, Syldatk, and Hausmann (2010). Furthermore, 
lipase activity was tested. The importance of this parameter for biodegradation of 
diesel oil is described by Margesin, Zimmerbauer, and Schinner (1999) and 
Hasan, Shah, and Hameed (2006). Margesin et al. (1999) found a correlation 
between lipase activity and oil biodegradation, but also indicated that further 
research on this topic is necessary to gain full insight in the role of lipase activity 
in oil biodegradation. 
A greenhouse experiment was performed as a final step. Based on the results of 
the previous tests a maximum of three strains was selected. These strains were 
evaluated for their impact on bioremediation. Therefore, they were studied on 
diesel-exposed poplar tree cuttings.  
 
5.2 Growth ability in presence of diesel oil 
378 bacterial strains were isolated from a diesel contaminated soil. Different 
bacteria have different biodegradation capabilities. For this research, the focus 
was on diesel oil. The first step consisted of screening the bacterial strains for 
their ability to grow in the presence of diesel as sole carbon source. Kubota, 
Koma, Matsumiya, Chung, and Kubo (2008) identified 2,6-dichlorophenol 
indophenol (2,6-DCPIP) as a suitable protocol to isolate hydrocarbon-degrading 
bacteria. This assay can sensitively detect the primary oxidation of hydrocarbons. 
2,6-DCPIP is an oxidation-reduction indicator to detect the formation of NADH. 
Bidoia et al. (2010) described the 2,6-DCPIP as being widely used in colorimetric 
processes. In oxidized form it will have blue colour, whereas, in reduced form it 
is colourless. The change in colour is due to a change in molecular structure. The 
double bound between nitrogen and carbon is passed to  a simple bound (see 
figure 4). 
 
Figure 4: DCPIP reduction reaction (figure adapted from Bidoia et al. (2010)) 
 
25 
 
5.2.1 Protocol  
The 2,6-DCPIP protocol according to Kubota et al. (2008) was modified as 
follows. The isolated strains were cultured in rich medium (per litre: 10g  
tryptone, 5g yeast extract powder, 5g NaCl.2H2O, 1g D-glucose and 0,345g 
CaCl2)  at 30°C and 130 rpm for 48h. Subsequently, the optical density (OD) at 
660nm was measured and strains with an OD > 1 were selected for further 
analysis. These strains were washed twice with saline buffer (0,9% NaCl) for 15 
min at 4000g before adjusting OD to 1 at 660nm using saline buffer. Finally, 750 
µl of W medium (composition as in (Kubota et al., 2008)), 50 µl of FeCl3.6H2O  
solution (150 µg / ml), 50 µl of DCPIP solution (150 µg / ml), 80 µl of cell 
suspension with OD 1 and 5 µl of sterile diesel solution were added to a test 
tube. The samples were cultivated at 30°C and 130 rpm for 48h. Subsequently, 
the color of the solution was observed and evaluated as positive or negative. 
Negative samples will remain blue whereas positive samples will turn colorless.  
 
Figure 5: DCPIP: positive result for number 60 
 
5.3 Identification of isolated microorganisms 
The 25 strains capable of growing in the presence of diesel oil were identified by 
their 16S ribosomal DNA (16S rDNA). Therefore, DNA was extracted and 
amplified by a PCR. Subsequently, the PCR product was send for sequencing.  
5.3.1 Protocol DNA extraction 
The DNA extraction was done by using the DNeasy Blood & tissue kit of Qiagen. 
The bacterial solution was first centrifuged for 10 min at 7500rpm. The 
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supernatant was discarded, after which the bacterial pellet was suspended in 180 
µl of lysis buffer. This was followed by an incubation at 37°C for 30 min. Next, 
the bacterial strains were lysed using 25 µl of proteinase K and 200 µl of buffer. 
The buffer was added to provide optimal conditions for DNA binding. This 
solution was incubated for 30 min at 56°C. 200 µl of ethanol was added to the 
solution and subsequently, the lysate was loaded onto the DNeasy Mini spin 
column. During the centrifugation step (8000 rpm for 1 min), DNA was 
selectively bound to the DNeasy membrane whereas contaminants pass through. 
Next, two washing steps with the buffer solution were performed to remove any 
remaining contaminants and enzyme inhibitors. In a final step, DNA was eluted 
in 150 µl buffer solution.  
 
Figure 6: DNA extraction (figure adapted from the DNeasy Blood & tissue kit of Qiagen) 
 
5.3.2 Polymerase chain reaction and sequencing 
The 16S rRNA genes were PCR-amplified using the universal prokaryotic 1392R 
primer (5´ ACGGGCGGTGTGTRC 3´) and the bacteria-specific 26F primer (5´ 
AGAGTTTGATCCTGGCTCAG 3´). Following a denaturation at 95°C, the PCR 
reaction was carried out for 30 cycles of 95°C for 30 s, 55°C for 30 s and 72°C 
for 1 min. The PCR reaction was carried out in a final volume of 50 µl containing 
1 µl of DNA, 5 µl of PCR buffer, 2 µl of MgSO4, 1 µl dNTP mix, 1 µl forward 
primer, 1 µl reverse primer; 0,2 µl TaQ polymerase and 38,8 µl RNA free water. 
For amplified ribosomal DNA restriction analysis (ARDRA), the 16S PCR products 
(20 µl) were digested for 2 h at 37 °C with HpyCH4 IV in a reaction with 1 x 
NEB-buffer (New England Biolabs, Ontario, Canada). The digestion products were 
separated by gel electrophoresis (90 V, 2 h) with a 1.5 % agarose gel, gelred 
nucleic acid gel staining, and visualized under UV illumination. Isolates which 
showed the same ARDRA banding patterns were grouped and representative 
strains were selected for sequencing as described earlier (Barac T, 2004; Weyens 
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N, 2009). The PCR products were sequenced by Macrogen (the Netherlands) and 
the obtained sequences were compared with those deposited in the Ribosomal 
Database, using the online software BLAST. Taxa were identified based on the 
best match in the database (sequence match number > 0,97) (Chun et al., 
2007). 
5.4 Affinity for diesel oil 
Pandey and Jain (2002) indicated that responding to environmental changes is a 
fundamental property of microorganisms. According to Pandey and Jain (2002), 
chemotaxis is an effective mechanism that helps microorganisms to react based 
upon such environmental changes. Rajitha (2009) defined bacterial chemotaxis 
as the ability of microorganisms to direct their movement in the presence of 
certain chemicals in the environment. Chemotaxis is used by microorganisms to 
move towards an environment with higher levels of nutrients. Chemicals that 
elicit such a chemotactic reaction are called chemoattractants.  A positive 
chemotactic response is elicited by an attractant, whereas a negative response is 
caused by a repellent.  
The ability of bacteria to respond in a chemotactic way to move towards optimal 
growth conditions might give microorganisms advantages for survival 
(Lanfranconi, Alvarez, & Studdert, 2003). Chemotaxis also plays an important 
role in bioremediation, as described by Singh, Paul, and Jain (2006). Chemotactic 
cells can move towards particles that are adsorbed to soil particles. The 
chemotactic movement is caused be rotations of flagella (Pandey & Jain, 2002). 
Chemotaxis is closely associated with biofilm formation, as indicated by Pandey 
and Jain (2002) and Singh et al. (2006). Chemotaxis will direct a microorganism 
towards a pollutant of interest, which acts as a nutrient source to it. The flagella 
will be used for initial attachment to the pollutant, after which the process biofilm 
formation and biosurfactant production can start. All of this will increase 
bioavailability and stimulate biodegradation.  
 
Morikawa (2006) stated that, in natural settings, bacterial cells are mostly found 
in close association with surfaces and interfaces in the form of multicellular 
aggregates which are embedded in a matrix. They define a biofilm as densely 
packed multicellular communities attached to a surface. Biofilms consist of 
microbial cells and extracellular polysaccharide structures (EPS). Those EPS can 
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enhance the biofilm resistance to environmental stress (Liu, Yang, Zhong, Lu, & 
Zhao, 2013). EPS are only formed once cells have aggregated and the biofilm 
starts to mature (Branda, Vik, Friedman, & Kolter, 2005). 
Bacterial cells inside a biofilm have distinct advantages over planktonic cells. 
These advantages include, among other aspects, shelter from environmental 
stress such as toxicity of diesel oil (de Kievit, 2009). In fact, this may allow 
bacterial cells to stay in close contact with diesel oil without being too much 
affected by its toxicity. This is also acknowledged by Singh et al. (2006) by 
stating that microorganisms in a biofilm have a better chance of survival since 
they are protected from environmental stress within the biofilm matrix. The 
biofilm matrix not only offers protection from the toxicity of diesel oil, but it also 
provides protection against other forms of environmental stress such as pH 
fluctuations. This gives biofilms a distinct advantage over planktonic cells in 
bioremediation (Singh et al., 2006). 
Tribelli, Di Martino, López, and Iustman (2011) gave a clear overview of the 
benefits of biofilms in diesel oil remediation. They investigated the growth 
capability of Pseudomonas extremaustralis using diesel oil as a sole carbon 
source. A comparison between static biofilm and agitated flask cultures is made. 
Their results showed a strong difference in cell growth between the two growth 
forms. The optical density of cultures in biofilms increased 15-fold, whereas, the 
shaken flask cultures increased only 1,5-fold. This indicated that biofilm 
formation can enhance the bioremediation potential of a bacterial strain.  
Conclusively, microbial movement and subsequent adhesion to hydrocarbons can 
benefit growth of microorganisms and biodegradation of very poorly water 
soluble hydrocarbons such as diesel oil. Adhesion to hydrophobic surfaces is one 
of the strategies of microorganisms to overcome the limited bioavailability 
(Abbasnezhad, Gray, & Foght, 2011).  
Abbasnezhad et al. (2011) described the importance of microbial adhesion for 
hydrocarbon-degrading organisms. The relevant catabolic enzymes are 
intracellular for those organisms. Therefore, biodegradation requires the diffusion 
of the hydrocarbon from the oil phase through and aqueous phase and then 
across the cell wall and cell membrane. So, microorganisms capable of adhering 
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to hydrocarbons will minimize the diffusion distance and, thereby, facilitate the 
uptake of hydrocarbons.  
Multiple factors are involved in microbial adhesion as described by Abbasnezhad 
et al. (2011) and Palmer, Flint, and Brooks (2007). The surface charge of the 
bacterial cell, the surface charge of hydrocarbon and the ionic strength of the 
medium are important parameters for adhesion. Palmer et al. (2007) elaborated 
more in detail on the surface charge of bacteria, which is also called zeta-
potential. They state that bacterial cells generally have a net negative cell charge 
at neutral pH. The magnitude of the charge is different for each species and is 
influenced by culture conditions, age of the culture, ionic strength and pH.  
Palmer et al. (2007) also gave an excellent overview on the importance of the 
ionic strength. Bacterial cells get their surface charge from dissociation of acidic 
and basic groups found on the cell surface. This implies that the surface charge 
depends on the ionic strength of the medium. The higher the ionic strength, the 
more ions are available to shield and neutralize the charge of the bacterial cell.  
Two different aspects for microbial adhesion to hydrocarbons were tested. First, 
the chemotactic behavior towards diesel oil and hexadecane was assessed. The 
importance of this parameter relies on the fact that it shows if a bacterium can 
move towards a particular hydrocarbon. Next, biofilm formation was tested. 
Biofilm formation is an answer of microorganisms to survive in hostile 
environments (such as diesel oil contaminated soil) in order to colonize new 
niches (Tribelli et al., 2011).  
5.4.1 Biofilm formation 
5.4.1.1 Protocol 
Bacterial strains were grown in rich medium for 48h. Subsequently, the OD is 
adjusted to 1 followed by an inoculation in a minimal Bushnell – Haas medium 
plus diesel at concentration of 5%. The inoculated cultures were grown in a 96-
well polystyrene microtiter plate for 7 days at 30°C at static conditions. The 
formation of biofilm was measured by discarding the medium and the wells were 
washed three times with water, after which a staining of the bound cells was 
done using 25 µl of 0,1% Crystal violet. Finally , OD was measured at 590nm. 
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The higher the absorbance, the more cells are attached to the well. Strains 
having an OD > 0,100 were considered as positive.  
5.4.2 Chemotaxis 
5.4.2.1 Protocol 
The screening for hydrocarbon-responding chemotactic bacteria  was based upon 
the swarm plate protocol as described by Lanfranconi et al. (2003) and Pandey 
and Jain (2002) with slight modifications. The swarm plate assay was performed 
in Petri-dishes containing swarm plate medium (minimal medium containing 
0,2% bacto agar) with the addition of either hexadecane or diesel oil. In the 
centre of the Petri-dish, 50 µl of cell suspension (OD660 = 1,0) was introduced 
and was incubated at 30°C for 48h.  
In the swarm plates, actively metabolizing bacteria create a gradient of the 
carbon source. Chemotactic bacteria will move following such a gradient and will 
thus form to so called swarm rings (Lanfranconi et al., 2003). So, a positive 
chemotactic response is indicated by the formation of exocentric rings (see figure 
7)(Pandey & Jain, 2002).  
 
Figure 7: chemotaxis assay: positive results 
 
5.5 Biosurfactant screening protocols 
Most of the screening methods for microbial surfactant producing strains were 
based on the physical effects of surfactants (Walter et al., 2010). Satpute et al. 
(2008) indicated that several screening methods are necessary to fully 
understand the ability of microorganisms to produce microbial surfactants. 
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Therefore, the following tests were conducted in this research: oil displacement 
test, lipase production, emulsification assay and heavy metal tolerance.  
The experiments were performed with cell free supernatant. This was obtained 
by centrifuging cultures for 15 min at 10,000 rpm.  
 
5.5.1 Oil displacement test 
5.5.1.1 Protocol 
The oil displacement test was performed according to the protocol described by 
Walter et al. (2010). A Petri-dish (150 mm diameter) was filled with 40 ml of 
distilled water, 15 µl of weathered crude oil was added. The crude oil will form a 
thin oil layer on the water surface. Then, 10 µl  of free cell culture supernatant 
was carefully placed on the center of the oil film. If there were microbial 
surfactants present in the supernatant, the oil was displaced and a clearing zone 
was formed. After 30 s of reaction time, the diameter of the halo zone was 
measured. The amount of biosurfactant necessary to obtain a clear detectable 
zone over an oil layer is called the minimum active dose (MAD) of the 
corresponding biosurfactant. Only positive strains  for ACC deaminase, IAA, 
Inorganic P solubilization, phytase, siderophores  and acetoin (data from 
unpublished research, data not shown) are tested. Figure 8 gives an example of 
a positive test showing a clearing zone in the centrum of the petri dish. A 
clearing zone of more than 1 cm was considered a positive.  
 
Figure 8: Oil displacement test: positive result 
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5.5.2 Lipase production 
5.5.2.1 Protocol 
Plate assay for the lipase activity was determined according to the method of 
Samad et al. (1989) with slight modifications. Briefly, the agar plates comprised 
of 2% Tween 80, 2,5% agar and 0,5% Methyl red were made ready and wells 
were cut. Then 20 µl of cell free culture supernatant was added to the well cut 
over the agar plate and was incubated overnight at room temperature. The 
plates were then observed for the zone of clearance around the well. The milli-Q 
water is used as negative control.  
 
5.5.3 Emulsification assay 
5.5.3.1 Protocol 
Walter et al. (2010) indicated that the emulsification assay is a commonly used 
and easy assay for screening of microbial surfactants. The protocol of Satpute et 
al. (2008) was modified as follows. 4 ml of cell free culture supernatant and 4 ml 
of n-hexadecane were mixed. N-hexadecane was chosen as it is an alkane. The 
samples were mixed rigorously for 5 min using a vortex. Subsequently, the 
samples were left undisturbed for 24 h, after which the measurements were 
made. The emulsification index was calculated by measuring the height of the 
emulsion layer divided by the total height of the liquid column.  
E24 = emulsion layer/total height of liquid column x 100. A emulsification index of 
more than 50% was considered to be a positive result.  
 
5.6 Heavy metal tolerance 
Some heavy metals can be considered as essential trace elements, nevertheless, 
at high concentrations, they can be toxic to all branches of life including bacteria. 
Heavy metals are increasingly found in microbial habitats and as such, 
microorganisms have evolved different mechanisms to tolerate the presence of 
the heavy metals (Spain, 2003). 
Tolerance to heavy metals is an important aspect in bioremediation, as indicated 
by Máthé et al. (2012). This is because heavy metals are a common constitute of 
crude oil and petroleum derivates. Therefore, if an area is polluted with 
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hydrocarbons, than it will most likely also suffer from a higher load of heavy 
metals. Furthermore, Máthé et al. (2012) mentioned that hydrocarbon spills can 
be accompanied with heavy metals pollutants in huge industrial areas.  
5.6.1 Protocol 
Tolerance of strains  to various heavy metal salts  Cd, Pb, , Zn, Cu and Ni  was 
tested both on casamino-acid agar plates (Máthé et al., 2012). Briefly, casamino-
acid agar plates (casamino-acid 5 g L-1; agar 17 g L-1 ) containing different 
concentrations of heavy metal salts were spot inoculated with bacterial cell 
suspensions ( 5 µl, OD600 = 1) and incubated at 30°C for 2 days.  
 
5.7 Greenhouse Experiment 
5.7.1 Protocol 
A greenhouse experiment was performed to evaluate the impact of the selected 
bacterial strains on bioremediation of diesel oil exposed soil. Two strains were 
used for the test: a root endophyte Acinetobacter calcoaceticus (nr 4) and a 
rhizosphere Acinetobacter calcoaceticus (nr 9). These strains were selected 
based upon the results heavy metal tolerance and biosurfactant production.  
Three different combinations were tested. The first one consisted of diesel oil 
exposed soil with only addition of the bacterial consortium. The second one 
consisted of diesel oil exposed soil with poplar tree cuttings without the addition 
of the bacterial consortium. The third and final combination combined poplar tree 
cuttings with the bacterial consortium. The bacterial strains were isolated from 
poplar trees (see objectives). Therefore, the effect on bioremediation was also 
assessed in the presence of poplar tree cuttings since it might be that the 
bacterial strains only show their full potential in conjugation with those poplar 
tree cuttings. All combinations received an initial diesel oil load of 3000ppm. The 
recipients for testing were sterilized by spraying and cleaning with a 70% ethanol 
solution, after which sterile soil was added.  
The experiment lasted for 70 days during which total microbial activity and diesel 
oil concentration was monitored. These parameters were tested at the beginning 
of the experiment, after 14 days, after 40 days and after 70 days at the end of 
the experiment.  
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Finally, the experiment was carried out in 4-fold in order to get statistically 
relevant data.  
5.7.2 Total microbial activity 
Total microbial activity is a good measure of organic matter turnover in 
environmental samples. More than 90% of the energy flow passes through major 
microbial decomposers such as bacteria and fungi (Schnürer & Rosswall, 1982). 
Fluorescein diacetate (FDA) hydrolysis is a method used to monitor the microbial 
activity in the soil samples. This method was described by Adam and Duncan 
(2001), and Schnürer and Rosswall (1982) as an accurate and simple method for 
measuring microbial activity in environmental samples. Fluorescein diacetate 
(3’,6’-diacetyl-fluorescein) is a colorless compound which is hydrolyzed by both 
free and membrane bound enzymes such as proteases, lipases and esterases 
(Adam & Duncan, 2001; Schnürer & Rosswall, 1982). The final product of the 
conversion is fluorescein which strongly absorbs at 490nm and can be measured 
by spectrophotometry (Adam & Duncan, 2001). 
The following protocol was used to determine total microbial activity: 
1. Add  1 g of soil in a 125 ml flask. 
2. Add 50 ml of 60mM Na-Phopshate buffer 
3. Add 500 µl of FDA solution (20mg in 10 ml acetone, -30°C) 
4. Swirl and incubate for 3h at 37°C. 
5. Measure absorbance at 490 nm of the filtrate in 1 ml cuvettes ( 5 
replicates) 
 
A statistical analysis (linear regression) is carried out using the PAST® software. 
This is done to find the correlation between the microbial activity and the diesel 
concentration. The output of the statistical analysis is shown in annex 1. 
5.7.3 Diesel oil concentration 
The quantification of diesel fuel in soil samples was done by gas 
chromatography-mass spectrometry (GC-MS). The  hydrocarbons extraction was 
carried out by dichloromethane (1:1 v/v) using o-tertphenyl (40 mg/L) as an 
internal standard. The analyses were carried out by GC/MS (US EPA 2007). 
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6 Results and Discussion 
This research screened 378 bacterial strains for their ability to grow in the 
presence of diesel oil using the 2,6-DCPIP assay. 140 strains were not able to 
grow in rich medium. This indicated that the bacterial cultures were not viable 
anymore in the glycerol stock. Therefore, only 238 strains were screened using 
the 2,6-DCPIP protocol. Out of the 238 strains, 25 strains gave a positive result 
in the 2,6-DCPIP test indicating their ability to grow in the presence of diesel and 
use it as a sole carbon source. These 25 strains were first identified based upon 
their 16S ribosomal DNA. The results of the sequencing showed that the majority 
of the strains belonged to the genera of Pseudomonas, Staphylococcus and 
Acinetobacter. All of these genera have been described in literature as being 
potential biosurfactant producers. Furthermore, this research has screened for 
the ability to move towards diesel oil (chemotaxis assay) and to form a biofilm 
on diesel oil. An important remark has to be made according to Abbasnezhad et 
al. (2011). Adherence to hydrocarbons does not necessarily predict utilization of 
the hydrocarbon. Different species have been described to adhere to 
hydrocarbons without using them. This implies that a combination with screening 
protocols (like 2,6-DCPIP) for using the hydrocarbon as carbon source is 
necessary. In turn, it is also important to keep in mind that adhesion to 
hydrocarbons is not a prerequisite for biodegradation. Some bacteria capable of 
degrading hydrocarbons have poor adhesion to their substrate but can still 
degrade it (Abbasnezhad et al., 2011). Subsequently, the strains were screened 
for biosurfactant production. An overview of the results is given in table 1. For 
biofilm formation, chemotaxis, oil displacement, lipase activity and emulsification 
index results are shown as positive (+) or negative (-). The criteria for 
classification as ‘positive’ or ‘negative’ can be found in chapter 8: materials and 
methods.  
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1 Arthrobacter sp + - - + - - - 2,5 2 1 0,5 0
2 Acinetobacter calcoaceticus + - - - + - - 1 1 1 1 0
3 Acinetobacter calcoaceticus + + - - + - - 1 1 1,5 1 0
4 Acinetobacter calcoaceticus + + - + + - - 1 1 1,5 1 0
5 Staphylococcus aureus + - - - + - - 3 2,5 2 1,5 0
6 Acinetobacter oleovorans + + - - + - - 1 1 1,5 1 0
7 Acinetobacter calcoaceticus + + - - + - - 1 1,5 1 1 0
8 Acinetobacter calcoaceticus + + - - + - - 1 1 1,5 1 0
9 Acinetobacter calcoaceticus + - + - - + + 1 1 1 0,5 0
10 Acinetobacter calcoaceticus + - + - - - - 1 1 1,5 0,5 0
11 Pseudomonas brassicacearum + - + + + - - 1 2 1 1 0
12 Pseudomonas putida + + + - + + + 1 0,5 0,5 0,5 0
13 Pseudomonas putida + - - - - + + 1 0,5 1 0,5 0
14 Pseudomonas putida + + - - - - - 0,5 0,5 0,5 0,5 0
15 Pseudomonas fluorescens + - - - - - - 2,5 2 3,5 2 0,5
16 Stafylococcus epidermis + - - - - - 1 1,5 0,5 1 0
17 Pseudomonas sp + - - - - - 1,5 1,5 1,5 1,5 0
18 Pseudomonas sp + - - - - - 2,5 1 1 1 0
19 Stafylococcus aureus + - - - - - 1 1 1 0,5 0
20 Stafylococcus aureus + - - - - - 3 2 2 15 0
21 Stafylococcus aureus + - - - - - 2,5 2 2 1,5 0
22 Acinetobacter calcoaceticus + - - + - - 1 1 1 1 0
23 Brevibacterium sp + + + - - - 1 1 1 1 0
24 Brevibacterium sp + + + - - - 1 1 1 1 0
25 Pseudomonas brassicacearum + - - - - - 1 2 1,5 1 0
Table 1: results of biofilm formation based on OD measurements, chemotaxis towards 
diesel oil and hexadecane based on formation of exocentric rings, lipase activity based 
upon formation of clearance zone, emulsification of diesel oil and hexadecane based 
upon emulsification index and heavy metal tolerance in mM.  
The results indicate that all isolated strains have the capacity to form a biofilm in 
the presence of diesel oil. Tribelli et al. (2011) described this as an advantage 
when compared to planktonic cells. They highlighted the importance of biofilm 
formation in diesel oil remediation since biofilm formation increased cell growth 
and biosurfactant production. Furthermore, they observed degradation of long-
chain and branched alkanes in biofilms, whereas, this is not the case in 
planktonic cultures.  Since all strains capable of degrading diesel oil also showed 
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biofilm formation, it can be that biofilm formation is a prerequisite for diesel oil 
degradation. Another possibility is that biofilm formation was a prerequisite for 
survival in the diesel contaminated soil. In other words, the diesel oil 
contamination only allowed for the survival of biofilm formers. This is also 
indicated by Madigan et al. (1997) by stating that a biofilm can protect bacteria 
from environmental stress. This is most likely because diesel oil is a toxic 
substance and a biofilm will provide shelter for such a stressful situation (Palmer 
et al., 2007). For Acinetobacter calcoaceticus (nr. 3,4,7,8), Acinetobacter 
oleovorans (nr. 6), Pseudomonas putida (nr 12,14) and Brevibacterium sp (nr. 
23,24) this was accompanied with chemotactic movement towards diesel oil. This 
gives these species the advantages of not only biofilm formation, but also 
motility towards diesel oil. The Brevibacterium sp (nr. 23,24) and one 
Pseudomonas putida (nr 12) strain even combined this with chemotactic 
movement towards hexadecane.  
Microbial surfactants are thought to be environmentally friendly alternatives to 
chemical surfactants (Satpute et al., 2008). Therefore, this research also focused 
on the ability of the bacteria to produce microbial surfactants. In this study, two 
different screening methods were assessed. First, oil displacement was tested. 
This is a rapid and easy to conduct test, and yet is a reliable method to detect 
biosurfactant production according to Walter et al. (2010). A positive result was 
found for the Arthrobacter strain (nr 1 ), one of the Acinetobacter calcoaceticus 
(nr 4 ) strains and for the Pseudomonas brassicacearum (nr 11 ) strain indicating 
they are potential biosurfactant producers. In the second microbial surfactant 
test, the emulsification index was determined. Walter et al. (2010) indicated that 
also the emulsification index is a method suitable for rapid screening of microbial 
surfactant production. Emulsification index was determined both in the presence 
of diesel oil and hexadecane. Two Pseudomonas putida (nr 12,13) strains and 
one of the Acinetobacter calcoaceticus (nr 9) strains showed positive results for 
both diesel oil and hexadecane. In conclusion, the screening for biosurfactant 
production showed positive results for several of the screened strains. 
Nevertheless, it is important to keep in mind that biosurfactant producers cannot 
be selected based upon a single detection method as indicated by Satpute et al. 
(2008) and Walter et al. (2010). A successful screening depends on the methods 
used since every method has its advantages and disadvantages (Walter et al., 
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2010). This research was limited in time for practical laboratory work. Therefore, 
only a limited number a screening methods were used to assess the potential for 
biosurfactant production. The methods were selected based upon time needed to 
conduct the test. This might have caused some strains to be classified as poor 
biosurfactant producers because the methods used for detection might have not 
been appropriate for these strains.  
Furthermore, it is important to highlight that bacteria belonging to the same 
species can produce different biosurfactants. Das, Mukherjee, and Sen (2008) 
gave an overview of biosurfactants and their microbial origin. They find bacteria 
belonging to the same species producing different biosurfactants. This indicates 
possible different results when tested for biosurfactant production using methods 
as used in this research. Therefore, the different screening methods for 
biosurfactant production gave different results even for the same species. Among 
other species, Das, Mukherjee, and Sen (2008) identified different Pseudomonas 
fluorescens, Pseudomonas aeruginosa  and  Acinitorbacter calcoaceticus strains 
producing different biosurfactants. Similar observations were made in the review 
of Pacwa-Plociniczak et al. (2011). They also identified different biosurfactants 
produced by the same bacterial species.  
Next, the research screened for lipase activity. Almost all Acinetobacter 
calcoaceticus (nr 2,3,4,7,8,22) strains, the Acinetobacter oleovorans (nr 6) 
strain, the Staphylococcus aureus (nr 5) strain, the Pseudomonas 
brassicacearum (nr 11) strain and one Pseudomonas putida (nr 12) strain were 
found to exhibit lipase activity. 
Since heavy metals are a common constitute of diesel oil (Máthé et al., 2012), 
heavy metal tolerance of the strains was tested. The importance of this 
parameter is indicated by Máthé et al. (2012). They indicated that diesel oil 
contaminated soil can also suffer a high heavy metal load. So, it is important for 
potential diesel oil degrading bacteria to survive and remain active in the 
presence of heavy metals. Five different heavy metals were tested, namely: 
Pb2+, Cu2+, Zn2+, Ni2+ and Cd2+. Almost all strains showed minor to good 
tolerance for Pb2+, Cu2+, Zn2+ and Ni2+. The highest resistance levels were found 
for two Staphylococcus aureus (nr 5,20) strains and for the Pseudomonas 
fluorescens (nr 15) strain indicating they were the most resistant strains in the 
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tested pool. Furthermore, it is worth mentioning that only the Pseudomonas 
fluorescens (nr 15) strain showed a minor form of resistance to Cd2+. This 
implies that Pseudomonas fluorescens could be the advised strain when there is 
a Cd2+ contamination, but also other parameters have to be taken into account. 
The excellent heavy metal tolerance of Pseudomonas fluorescens was also 
indicated by other researchers. Poirier, Jean, Guary, and Betrand (2008) isolated 
a Pseudomonas fluorescens strain exhibiting a high tolerance to metal 
contamination. Also Sharma et al. (2006) described the excellent heavy metal 
tolerance of Pseudomonas fluorescens. 
As a final step, this research included a greenhouse experiment. The results of 
the statistical analysis showed a very strong correlation between microbial 
activity and diesel oil concentration for ‘soil + poplar tree + diesel’ (R² of 0,84) 
and ‘soil + bacteria + poplar tree + diesel’ (R² of 0,95). An average correlation is 
found for ‘soil + bacterial + diesel’ (R² of 0,64). More information can be found 
in annex 1. Table 2 gives an overview of the results of the microbial activity in 
combination with the diesel concentration. These numbers are further visualized 
in figures 9 and 10. The results as shown in figure 10 don’t contain error bars 
due lack of data. 
 
Soil + bacteria + 
diesel 
Soil + poplar tree + 
diesel 
Soil + bacteria + 
poplar tree+ diesel 
Time (days) FDA Diesel FDA Diesel FDA Diesel 
0 0 3011,26 0 3011,26 0 3011,26 
14 
0,007 
(0,013) 
3539,61 
0,059 
(0,009) 
2596,1 
0,029 
(0,035) 
2391,51 
42 
0,125 
(0,032) 
1037,34 
0,161 
(0,017) 
2049,47 
0,167 
(0,014) 
1491,82 
70 
0,118 
(0,014) 
2577,97 
0,172 
(0,004) 
1191,5 
0,141 
(0,024) 
1619,67 
Table 2: results greenhouse experiment showed as average value with standard 
deviation (number between brackets) of 4 measurements for FDA; a single measurement 
for diesel concentration (FDA at 490nm, diesel concentration in ppm). 
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Figure 9: Monitoring of microbial activity FDA (measured at OD 490nm) in time. Shown 
as average value of 4 measurements ± SE. 
 
Figure 10: Diesel oil degradation in greenhouse experiment. A single measurement of 
diesel oil concentration in ppm. 
The results of this experiment indicated that the addition of the bacterial 
consortium did not have a beneficial effect on the diesel oil degradation, as 
shown in table 1. The addition of the bacterial consortium did not result in an 
increased microbial activity when compared to the sample that did not receive 
the addition of the consortium. A strange observation is made for the diesel oil 
concentration. Diesel oil is only added at the beginning of the trail. Yet, an 
increase in diesel oil concentration is measured after 14 and 70 days for the ‘soil 
+ bacteria + diesel’ sample. This implies that the protocol for diesel oil analysis 
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should be fine-tuned for further testing. Therefore, the results weren’t taken into 
account in the discussion. The combination of only diesel oil with poplar tree 
resulted in the highest break down rate of diesel oil. This observation might be 
due to bacterial populations that were attached to the roots of the poplar trees 
and as such were introduced in the system. A possible explanation for the no 
effect observation of addition of the bacterial consortium is in the fact that a 
successful application of bacteria depends on their capability to adapt to the 
circumstances as indicated by Tribelli et al. (2011). This research aimed to 
overcome this problem by not only screening for biosurfactant production, but 
also for heavy metal tolerance. The challenge of selecting the correct strain for 
bioremediation is also indicated in the review of Thompson, van der Gast, Ciric, 
and Singer (2005). The authors gave numerous abiotic factors for failure of 
bioaugmentation such as pH, redox, the presence of toxic contaminants, 
concentration, or the absence of key substrates. Next, they also identified biotic 
factors such as inoculum density and mode of introduction as factors for success. 
The challenge of selecting the most suitable strain is also indicated by Chagas-
Spinalli, Kato, de Lima, and Gavazza (2012) by also stating that local conditions 
need to be taken into consideration. Also Banat et al. (2010) made an 
observation on the contrasting results reported on efficiency. He stated that 
efficiency needs to be evaluated experimentally. So, a first area of future 
research is in the modeling of the effect of biosurfactant addition in 
bioremediation. The insights of the review of Thompson et al. (2005) seem to be 
a very interesting path to follow. The authors argued that it is important to take 
the spatial and temporal abundance of species into account. Strains with low 
abundance are less likely to be successful due to population dynamics. They 
highlight the importance of getting insight in the composition and structure of 
the microbial community by means of molecular techniques.  
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7 Future potential and challenges  
Microbial biosurfactants have numerous applications and a very large potential 
still waiting to be fully exploited. Both Marchant and Banat (2012), and Fracchia, 
Cavallo, Martinotti, and Banat (2012) gave a detailed review on this topic.  
Currently, chemical surfactants are all around in our daily life since they 
comprise major components in many products we use on a regular basis. Just 
think of cleaning and laundry products. Most of the chemical compounds 
originate from petrochemical sources which don’t fit the concept of sustainability. 
Biosurfactants can be an ecological alternative (see literature research) since 
they are produced by microorganisms from sustainable feedstock (Marchant & 
Banat, 2012).  
Marchant and Banat (2012) highlighted other areas with large potential for 
application of biosurfactants. Biofilm prevention is one of them. According to 
Fracchia et al. (2012), biofilm formation on medical and technical equipment is of 
major concerns and poses a potential health hazard. Especially, since bacteria 
inside such a biofilm become highly resistant to antibiotics. Novel compounds are 
needed to eliminate biofilms. Biosurfactants might have the potential to disrupt 
biofilms and to prevent the development of new ones. Biosurfactants can be used 
for their anti-adhesion activity. As such, they can also be used in the food 
industry to prevent colonization of industrial surfaces (Fracchia et al., 2012; 
Marchant & Banat, 2012). Next, biosurfactants have also shown promising 
results as for biocidal activity and wound healing capacity (Marchant & Banat, 
2012). Fracchia et al. (2012) elaborated more into detail on the topic of 
antimicrobial activity. They described numerous antibacterial, antiviral, anti-
mycoplasma and antifungal activity. This indicated that biosurfactants can be 
suitable alternatives for synthetic drugs and other antimicrobial agents which is, 
of course, an area with very large potential (Fracchia et al., 2012).  
Next, Fracchia et al. (2012) identified other promising biomedical applications for 
biosurfactants. Among others, anti-inflammatory, anti-tumor, 
immunosuppressive functions, and hemolytic activity were described.  
A last area as identified by Marchant and Banat (2012) is in petroleum industry. 
Microbial enhanced oil recovery (MEOR) can make use of biosurfactants to 
43 
 
liberate crude oil from a binding substrate to obtain higher yields. Furthermore, 
biosurfactants can also be used in the initial phase of drilling as a replacement of 
the chemical surfactant currently used.  
All these potential applications for biosurfactants are accompanied with an 
equally large number of challenges. Currently, only a small amount of 
biosurfactants are commercially available. This is due to several problems such 
as yield and cost of production, and also the large diversity of biosurfactant 
molecules (Marchant & Banat, 2012). 
A first challenge identified by Marchant and Banat (2012) is that each 
microorganisms produces its own mixture of congener molecules with different 
structures and hence different properties. Isolation of these congener molecules 
is very unlikely to be economically feasible. So, there is the need to be able to 
select specific biosurfactants. Since isolation of congener molecules is not the 
preferred option, research should be dedicated to modify growth and production 
conditions. Another option is genetic modification to knock out genes to create 
single type biosurfactant producers (Marchant & Banat, 2012).  
A second challenge is in production and cost issues. When it comes to large scale 
production, safety is a very important parameter. Up until now, there are no 
indications that any of the large scale investigated biosurfactants has any major 
health or safety issues. The only problem is in rhamnolipids produced by 
Pseudomonas aeruginosa. P. aeruginosa is an opportunistic pathogenic bacteria 
which is classified as a class II pathogen in the UK (Marchant & Banat, 2012).  
Furthermore, yield and the substrate needed to produce biosurfactants are an 
important parameter as indicated by Marchant and Banat (2012). Some 
biosurfactants have the advantage that they can be produced from a range of 
renewable substrates; some of them are even considered as waste material. This 
is also an opportunity to reduce costs. One interesting substrate worth 
mentioning is glycerol. Glycerol is a byproduct in biodiesel production and might 
be suitable to produce biosurfactants (Marchant & Banat, 2012).  
The above makes it clear that there is an increasing interest for biosurfactants 
and their potential applications and areas for future research are still growing. 
Marchant and Banat (2012) even claimed that biosurfactants are at the top of 
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the agenda of many companies. They also summarized the key challenges to be 
addressed. First, biosurfactants need to be tailored for each specific application 
and secondly, they need to be produced at a price that makes them an attractive 
alternative to chemical surfactants. Fracchia et al. (2012) expects that the area 
of biomedical applications is going to take the lead due to their high economic 
potential.  
Biosurfactants are playing an important role in many sectors, and the 
expectation is that their role will keep on growing over the next years. Marchant 
and Banat (2012) even expected to see a selection of domestic products 
containing biosurfactants in the supermarket.  
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8  Conclusion 
This study showed the potential application of biosurfactant producing bacteria to 
be used to improve the remediation efficiency of petroleum hydrocarbon polluted 
ecosystems. First, bacterial strains isolated from a diesel contaminated soil were 
screened for their ability to grow in the presence of diesel oil as sole carbon 
source. 25 of 378 strains were found to be able to grow in the presence of diesel 
oil as sole carbon and energy source. Identification based on their 16S ribosomal 
DNA showed Pseudomonas, Staphylococcus and Acinetobacter as the dominant 
genera.  All of the strains able to grow in the presence of diesel oil show biofilm 
formation. Acinetobacter calcoaceticus, Pseudomonas putida and Brevibacterium 
sp strains combined this with chemotactic movement towards diesel oil, 
indicating a selective advantage. Screening for biosurfactant production revealed 
positive results among several Acinetobacter and Pseudomonas strains as 
dominant positive species. However, more research is necessary to explore to full 
biosurfactant production potential of all strains. Furthermore, all strains showed 
minor to good tolerance for Pb2+, Cu2+, Zn2+ and Ni2+. Pseudomonas fluorescens 
is the only strain that shows a minor form of resistance for Cd2+. Finally, 
application of biosurfactant producing bacteria in diesel oil exposed poplar 
cuttings did not show to be beneficial. Possible inhibitory effects such as pH, 
redox and inoculum concentration need to be taken into account to explain the 
observations in the greenhouse experiment. 
In summary, this research clearly showed the potential of using biosurfactant 
producing bacteria to be used for remediation of diesel oil contaminated soils. 
Furthermore, it also showed the difficult conversion of excellent laboratory 
results to good results in field trails. Further research is necessary to be able to 
fully take benefit of biosurfactant producing bacteria for bioremediation.  
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Annex 1: Results statistical analysis greenhouse experiment 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: soil + bacteria + diesel  Table 4: soil + poplar tree + diesel  Table 5: Soil + bacteria + poplar tree + diesel 
Ordinary Least Squares 
Regression 
Slope a: -12649 
Intercept b: 3332,1 
Std. err. a: 6675,1 
Std. err. b: 574,19 
Chi squared:  1,2452E06 
r: -0,80142 
r squared: 0,64227 
t statistic: -1,8949 
p(uncorrel):  0,19858 
Permutat. p:  0,1688 
p(a=1): 0,19856 
95% bootstrapped confidence intervals: 
a: [-1,008E05; 1,948E05] 
Ordinary Least Squares 
Regression 
Slope a: -8705,1 
Intercept b:   3065,2 
Std. err. a: 2679,7 
Std. err. b: 325,41 
Chi squared:  2,9542E05 
r: -0,91688 
r squared: 0,84067 
t statistic: -3,2485 
p(uncorrel):   0,083117 
Permutat. p:   0,12 
p(a=1): 0,0831 
Ordinary Least Squares 
Regression 
B vs. C 
Slope a: -8431 
Intercept b: 2838,9 
Std. err. a: 1366,5 
Std. err. b: 150,64 
Chi squared: 75509 
r: -0,97472 
r squared: 0,95008 
t statistic: -6,1698 
p(uncorrel): 0,025278 
Permutat. p: 0,039 
